The role played by iron oxides (goethite and akaganeite) and iron(II)/(III) species as photosensitizers toward the transformation of organic matter was examined in saline water using phenol as a model molecule. The study was carried out in NaCl 0.7 M solution at pH 8, artificial (ASW) and natural (NSW) seawater, in a device simulating solar light spectrum and intensity. Under illumination phenol decomposition occurs in all the investigated cases. Conversely, dark experiments show that no reaction takes place, implying that phenol transformation is a lightactivated process. Following the addition of Fe(II) ions to aerated solutions, Fe(II) is easily oxidized to Fe(III) and hydrogen peroxide is formed. Regardless of the addition of Fe(II) or Fe(III) ions, photo-activated degradation is mediated by Fe(III) species. Several (and different) hydroxylated and halogenated intermediates were identified. In ASW, akaganeite promotes the formation of ortho and para chloroderivatives (2-and 4-chlorophenol, 2,4dichlorophenol and 2,4,6-trichlorophenol), whilst goethite induces the formation of 3-chlorophenol and bromophenols. Conversely, Fe(II) or Fe(III) addition causes the formation of 3-and 4chlorophenol and 2,3-or 3,4-dichlorophenol. 4-Bromophenol was only identified when irradiating Fe(II) spiked solutions. Natural seawater sampled in the Gulf of Trieste, Italy, has been spiked with phenol and irradiated. Phenol photo-induced transformation in NSW mediated by natural photosensitizers occurs and leads to the formation of numerous halophenols, condensed products and nitrophenols.
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Introduction
The concentration of total dissolved iron in the oceans ranges from 0.01 to 10 nM, and includes both small soluble Fe species and colloidal forms (Nishioka, et al. 2001; Sarthou, and Jeandel, 2001; de Jong et al, 2007) ; substantial portion of soluble Fe is present in the colloidal size range (80 to 90 % in near-surface waters) (Wu et al, 2001) . Fe(II) in seawater is usually present as complexed species, such as FeCO 3 or FeCl + and, under oxic conditions at the pH of seawater, Fe(II) species are rapidly oxidized to Fe(III) by O 2 and H 2 O 2 , as Fe(III) is the thermodynamically stable form of iron in seawater, freshwater and most aqueous systems containing dissolved oxygen. The transformation of dissolved Fe(II) species to particulate Fe(III)oxyhydroxides is central in the cycling of iron in aquatic environments (Stumm and Sulzberger, 1992; Rose and Waite 2002) . Particulate Fe(III) oxyhydroxides are formed by oxidation of Fe(II) at the oxic/anoxic boundary in coastal marine waters (Yao and Millero, 1995, Kuma et al. 1998) . Possible semiconduction properties of many Fe(III) oxides, oxy-hydroxydes and hydroxides have drawn attention for their role in the natural abiotic transformation of the organic matter (Feng and Nansheng, 2000; Leland and Bard, 1987) . In the surficial layer iron oxides could be in the form of goethite (α-FeOOH ), hematite (α-Fe 2 O 3 ) and akaganeite (β-FeOOH). These oxides in the presence of oxygen and under illumination could catalyze the oxidation of organic compounds, especially in natural waters and in atmospheric and surface droplets (Kormann et al. 1989) ; the simultaneous presence of iron species able to act as photo-sensitizers and the high halide concentration could induce organic matter halogenation in seawater. In a previous work, we have assessed the formation of halophenols in water rich of halides in the presence of iron oxides (Calza et al., 2005) . Analogously, in the marine ecosystem photosensitized transformations of the organic matter, mediated by metal ions, may occur and produce halogenated species.
Phenol was chosen as a model molecule to simulate organic matter tranformation and, for such, its concentration was similar to that of the natural organic matter content. Phenol photo-induced transformation in seawater proceeds through the formation of a wide range of intermediate compounds, of which most are toxic compounds, including mono and dichlorophenols, nitrophenols, bromophenols and bisphenols (Calza et al., 2008) . Because numerous intermediates are formed, the contribution of different photosensitizers are invoked. Possible photosensitized pathways include the sensitization by dissolved organic matter, the direct photolysis of sunlight-absorbing molecules and the reaction with transient species, like OH radicals produced by irradiation of diverse photoactive species (DOM itself, nitrate, nitrite, H 2 O 2 , Fe(III) species) (Boule et al., 2005) . At present, scarce investigation is reported for marine ecosystems on the role of natural photosensitizers and their effect on the possible abiotic transformation of anthropogenic compounds and their degradation products.
The role played by the diverse natural photosensitizing species in the transformation of organic matter in seawater needs attention. This paper focus on the ability of iron species to act as photosensitizers toward the phenol transformation. This work is the first of a set on which the link among the natural photosensitizers and the secondary pollutants formed is for the first time evidenced.
The goal is obtained in two steps. Firstly, the experiments were carried out in artificial seawater (ASW). Measures in NaCl 0.7 M solution at pH 8 have also been carried out to evaluate the effect of salinity on the transformation rate and mechanism of phenol photo-induced degradation. The study of the overall process involved the identification and quantification of intermediates and the assessment of hydrogen peroxide formation. Secondly, results achieved in the marine water simulations were compared with those found in the natural seawater samples (NSW).
EXPERIMENTAL SECTION

Irradiation procedures
The irradiation experiments were carried out in sealed Pyrex glass cells (46 mm internal diameter), containing 5 ml of the samples. The illumination was performed using a Solarbox with a 1500 watt Xenon lamp equipped with a 340 nm cut-off filter (CO.FO.MEGRA, Milan, Italy) simulating AM1 solar light. Spectroradiometric data for Solarbox is shown in Fig. S1 as supplementary material. The temperature reached during the irradiation was 38° C. Every 24 h during illumination the cells were opened to allow air equilibration.
Phenol photo-induced transformation has been investigated in solutions added with iron oxides (200 mgL -1 ), Fe(II) (1x10 -4 M) or Fe(III) (1x10 -4 M) ions at pH 8 in 0.7 M NaCl solution, artificial seawater (ASW) or natural seawater (NSW). Natural seawater (NSW) was sampled in June 2007 in the Gulf of Trieste, northern Adriatic Sea, Italy under the project in acknowledgement (see Table 1 for NSW analysis). Experiments reported below in 3.3. have been performed just after the sampling.
Analytical determinations
The disappearance of phenol and formation of intermediates were followed using a HPLC system (Merck-Hitachi L-6200 pumps), equipped with a Rheodyne injector, a RP C18 column (Lichrochart, Merck, 12.5 cm x 0.4 cm, 5 m packing) and a UV-Vis detector (Merck Hitachi L-4200). The disappearance of phenol was followed at 220 nm, using 30% acetonitrile and 70% phosphate buffer (1 x 10 -2 M) at pH 2.8 and at a flow rate of 1 ml/min (detection limit for phenol 0.1 ppm). The intermediates formed along with the phenol photo-induced transformation have been identified by HPLC, through a comparison with standard solutions, and confirmed by GC/MS analysis.
A GC/MS Agilent 6890, series II, equipped with a 5% phenylmethylpolysiloxane column Agilent HP-5; 30 m x 0.25 mm was used. Other conditions have been described elsewhere (Calza et al., 2008) . Iron (II)/(III) and H 2 O 2 concentrations have been measured using UV-Vis spectrophotometry (Varian Cary 100). Hydrogen peroxide was quantified by the peroxidase-catalysed oxidation of phenol/4-aminoantipyrine protocol (Frew et al. 1983 ). Measurements were made at 505 nm.
Fe(II) formation has been followed through colorimetry, complexing Fe 2+ with 1,10phenanthroline (Calza et al. 2008) . The absorbance of the complex [(C 12 H 18 N 2 ) 3 Fe] 2+ was measured at 511 nm. Due to the LOD determined for Fe(II) and Fe(III), (1x10 -6 M) concentrations higher than in natural seawater have been utilized in the experiments.
Material and reagents
Goethite (α-FeOOH) and akaganeite (β-FeOOH) have been synthesized following literature reference (Bakoyannakis et al. 2003) . Phenol, catechol, 1, 1, 3, 2, 3, 3, 4dichlorophenol, 2, 4, Fe(III) perchlorate, 4-aminoantipyrine and hydroquinone were all purchased from Aldrich and were used as received. 2,3-Dichlorophenol, 2,4dichlorophenol, 2,5-dichlorophenol were purchased from Fluka, FeSO 4 from Carlo Erba and acetonitrile from Scharlau (AC033 Supergradient HPLC grade).
Eluents have been prepared in MilliQ water and degassed before utilization. Artificial seawater (ASW) has been prepared in MilliQ water containing the salts in the indicated amounts summarized in Table 2 (Kester et al. 1967) . The pH was adjusted by addition of NaOH 0.1 M.
Results and discussion
Iron(II) and iron(III) speciation is a function of the pH (Santana-Casiano et al. 2006) , so that phenol photo-degradation could be induced by different species. The transformation process could be mediated by aqueous species or could occur at the water/solid interface of precipitates. The equilibrium among the different iron species could be (or not) easily reached. Therefore, when Fe(II)/Fe(III) species are initially added, preliminary experiments have been performed to assess the rate of iron species transformation. Once these details were known, the role of chloride and carbonate ions on the phenol transformation rate was also evaluated.
Phenol photo-induced disappearance in NaCl and ASW
Iron oxides
The study of the phenol photoinduced transformation as a function of the pH and chloride concentration was preliminary done for goethite and akaganeite (supplementary data S2-S6).
Generally, chloride concentration depresses the rate, whilst the dependence on pH is more complex.
In this paper it will only be discussed results at pH 8. Experiments have been performed in NaCl 0.7 M solution or ASW and the phenol disappearance rates under the different experimental conditions are shown in Table 3 . In both media, akaganeite is the more efficient catalyst, while goethite shows the lowest rate. A preliminary explanation could be attributed to the different oxidation potentials of valence band holes, approximately accordingly to Eº VB potential for goethite (2.3 eV), and akaganeite (2.5 eV). A comparison between the chloride enriched solution and ASW shows that in all cases the addition of other salts (above all carbonate ions) scarcely influences phenol degradation rates. Although rates are low, accordingly to Leland and Bard (1987) , it is well-known that phenol photo-induced transformation in the presence of semiconductor oxides occurs through the formation of hydroxy derivatives.
Conduction band electrons (e CB -) at the iron oxide surface could lead to the catalyst photodissolution, with subsequent reduction of Fe(III) by photoelectrons. Under illumination the formation of Fe(II) from iron oxides occurs (see Fig. S2 , S4-S6, supplementary material). A correlation exists between the amount of formed Fe(II) and the phenol disappearance rate.
Akaganeite leads to the highest degradation rate (see Table 3 ) and the largest transient Fe(II) concentration (7 mgL -1 ), while the lowest rate and Fe(II) concentrations were observed for goethite.
Fe(II)/Fe(III)
The irradiation of phenol solution added with Fe(II) or Fe(III) has been carried out on: 1) filtered or unfiltered solutions, aimed to discriminate the role of the precipitate iron on the process. At pH>6, Fe(III) is chiefly in the insoluble Fe(OH) 3 (ferrihydrite) form, so that the photo-degradation process could occur at the water/solid interface (Calza, et al. 2005) as already observed in seawater (Byrne, and Kester, 1976 , Kuma, et al. 1992 and 1996 ; 2) stirred (for 96h) or unstirred solutions, in order to evaluate if the equilibrium among the different species is easily (or not) reached.
The phenol disappearance rates, measured under the diverse experimental conditions, are also reported in Table 3 . No reaction takes place in the dark, neither with Fe(II) nor with Fe(III), while under illumination the phenol transformation occurs in all the considered cases. Phenol is very slowly transformed (after 64 h of irradiation only 20% of the initial compound has been degraded) and only little differences among the investigated cases exist.
Taking into accounts these results, some implications come up:
(1) no difference arises from phenol rates under stirred (96h before illumination) or unstirred solutions, implying that the chemical equilibrium among the diverse iron species is quickly reached;
(2) no significant variation is evidenced between the filtered and unfiltered samples. Owing to these data, it can be concluded that the larger solid phase particles do not influence the kinetic of the process. Since the precipitate formed at pH 8 does not to modify the iron(II)/(III) photo-activity, phenol photo-transformation should then be chiefly induced by colloidal species.
It is worth noting that the phenol disappearance rates do not show remarkable difference when Fe(II) or Fe(III) have been initially added (see Table 3 ). Measurement of iron(II) in solution had shown that, when Fe(II) is the starting species, it is rapidly oxidized to Fe(III). In few minutes before illumination almost 50% of the Fe(II) was oxidized to Fe(III) . It has to be underlined that under irradiation Fe(II) can be oxidized to goethite (Chen et al. 2007) , so that the close analogy between the Fe(II) and Fe(III) degradation profiles suggests an involvement of Fe(III) colloidal species rather than Fe(II) species in photo-assisted phenol degradation.
The understanding of what occurs in colloidal phase could be extrapolated from the equilibrium in solution, due to the analogies existing between colloidal and aqueous phases (Stumm and Sulzberger, 1992) .
In Fe(II) spiked solution, its rapid oxidation should be due to dissolved oxygen as a result of reactions 1-2 (Miller et al. 1995) .
According to these equations, hydrogen peroxide formation is expected. H 2 O 2 formation was monitored as a function of irradiation and is shown in Figure 1A . Part of the H 2 O 2 is already formed in the dark before the experiment begins, but its formation is enhanced under illumination. The production of hydrogen peroxide reveals that the Haber-Weiss mechanism occurs (Santana-Casiano et al. 2005) (reactions 1-6), with the consequent production of hydroxyl radicals able to promote the phenol disappearance according to reaction 8 (Buxton et al. 1988 ).
Ф-OH + ·OH → products (see below) k 5 (8) where Ф-OH is phenol. Bautista et al 2008 report a k 2 =76 M -1 sec -1 , while the kinetic constants calculated by Santana-Casiano et al. 2005 in sea water, at pH 8 and ionic strength 0.7 M are higher (k 1 =1.2x10 6 (M -1 sec -1 ), k 2 = 3.1x10 4 (M -1 sec -1 ) k 3 = 5.0x10 8 (M -1 sec -1 ), k 4 = 2.7x10 7 (M -1 sec -1 ) k 5 =1.4x10 10 (M -1 sec -1 )).
Back reactions have also to be considered, where Fe(III) reacts with ·O 2 -(eq. 9) (Rose and Waite 2002, King, et al. 1995) , and Fe(III) is hydrolyzed to form insoluble Fe(OH) 3 (eq. 10) (Rose and Waite 2002) .
When Fe(III) is the starting species, under UV light irradiation colloidal Fe(III) hydroxy-complexes undergo photochemical reduction to Fe(II) (Joseph et al. 2001 , Baxendale et al., 1955 and the ·OH radical formation can be realized accordingly to the reaction 11 (Feng and Nansheng, 2000) :
Also the formation of hydroquinone-like intermediates could be an alternative route for Fe(III) reduction to Fe(II) (Du et al., 2006) . Iron(II) formation was in effect observed, at concentrations ranging from 2x10 -6 M to 5x10 -6 M. As a consequence of Fe(III) reduction, hydrogen peroxide formation is achieved (see Figure   1B ). The formation of ·OH radicals will support both hydrogen peroxide formation, as a result of reactions 3-4, and phenol transformation.
Role of salts on the disappearance rates
The phenol disapperance rates is scarcely influenced by the iron speciation with diverse salts, above all carbonate species (see Table 3 and Figure S7 supplementary material) . This is in agreement with the active role played by colloidal Fe(III) species, that are scarcely influenced by iron speciation.
Closer inspection of Table 3 reveals that, even if phenol disappearance rates are similar in the diverse experimental conditions, in ASW rates are slightly lowered, due to the speciation as Fe(CO) 3 ) 2 2- (King and Farlow 2000) . In addition, the superoxide ·O 2 and ·OH radicals can act as oxidants for other reduced compounds, i.e. Cland HCO 3 - (McElroy, 1990 , Emmenegger et al. 1998 , Petasne and Zika, 1987 . These newly generated radicals can play the role of ·OH radical in the reaction (6), although these radicals are less reactive than ·OH (Miller et al. 1995 , Emmenegger et al. 1998 .
HCO 3 can form the CO 3 · radical, according to reaction (12), then producing a new radical species able to react with phenol (reaction 13) but with a constant rate lower than ·OH radical (Neta, et al. 1988 ).
·OH+ HCO 3 - H 2 O + CO 3 · -k= 8.5x10 6 (M -1 sec -1 ) (12) Ф-OH + CO 3 · -→ C 6 H 5 O· + HCO 3 -k= 4.9 x10 6 (M -1 sec -1 ) (13) The presence of bicarbonate will then induce a decrease in the phenol disappearance rate.
Conversely and surprisingly, the presence or absence of chloride ions does not affect the phenol disappearance rate, as already reported by King et al. (1993) (see Table 3 ).
By considering the hydrogen peroxide evolution (see Figure 1 ), H 2 O 2 maximum concentration is 1x10 -5 M, lowered to 5x10 -6 M in ASW water. This effect is most likely due to scavenging of ·OH radicals by the carbonate ions, according to reaction 12.
Intermediate compounds in NaCl and ASW
Iron oxides
Following the mechanism described in 3.1.1, the hydroxy-phenols formation is expected (Santana-Casiano et al. 2006 , King, et al., 1993 , Pelizzetti et al. 1990 ). Other radical species could also act as oxidative agents, such as O 2 · and HO 2 ·, produced according to reactions (1) or (7) .
Looking closer at iron oxides addition in ASW, in all cases hydroquinone is the main intermediate, then easily transformed into 1,4-benzoquinone (see Figure 2 -3 for temporal evolution, Local concentrations can be deeply different from bulk concentration.
The hydroxylated and condensed products could be formed through the well known mechanism of radical attack to the aromatic ring. Firstly, an ·OH radical addition could occur at ortho (or para) positions. Through a further involvement of a superoxide radical anion, the formation of catechol and hydroquinone is realized. Conversely, the formation of hydroquinone has been postulated as an intermediate step to account for the occurrence of 1,4-benzoquinone (Boule, et al., 1999) . The formation of dimers, like bisphenols, passes through the phenoxyl radical dimerization, in equilibrium with its tautomeric form.
In addition to hydroxylation mechanism, the organic matter chlorination could also take place ( Figure S10 and S12-S13). The chloro radical formation occurs according to reactions 14-17 and involves chloride oxidation mediated by ·OH radicals (Buxton et al. 1998 ) (eq. 14-15): 
Cl 2 · -+ ·OH  HOCl + Cl -
In chloride rich water, chlorine is mainly as Cl 2 ·radical (Buxton et al. 1998 ), produced through the reaction 16. This species is responsible for the attack to the organics with the formation of the chlorinated species. Analogously, bromo radicals could be formed and lead to the formation of bromophenols (Vione et al. 2008) .
Experiments performed in NaCl solution (pH 8) showed a slight formation of chloroderivatives.
Akaganeite induces the formation of 2-chlorophenol (80 ppb), while no chloroderivatives are observed with goethite (see Figure S12 at pH 8).
Conversely, in ASW solution the chlorination reaction easily occurs and several chlorinated compounds are formed (see Figures 2, 3) . Different iron oxides produce distinct chloroderivatives distribution. Akaganeite induces the formation of 2-and 4-chlorophenol (CP), 2,4-dichlorophenol (DP) and 2,4,6-trichlorophenol (TP), while goethite promotes the formation of 2-and 4bromophenol (BrP), 2-and 3-chlorophenol.
Two different pathways for phenol chlorination are proposed, based on two diverse oxidation mechanisms: the ·H abstraction (mechanism 1) or the ·OH addition (mechanism 2), which is prevalent when the oxidant is ·OH radical (Albarràn et al. 2002 ) (see Scheme 1). In the first case, after ·H abstraction (by any agent capable of H-abstraction, like OH or Cl 2 radicals, or capable of electron-transfer from deprotonated phenoxide, or by OH addition followed by H 2 O loss), the further addition of Cl 2 ·leads to the formation of "classical" ortho and para orientated monochloroderivatives, in agreement with literature data (Azavedo et al. 2004 ). In the case of chlorophenols, taking into account that hydroxyl function is ortho, para orienting and activating and that -Cl is ortho/ para orienting and deactivating, a further ·H abstraction is possible in o, p-position with respect to the phenolic hydroxyl. Dichloro derivatives (2,4-DP and 2,6-DP) should then be formed following a second step of mechanism "type 1" through a further Cl 2 ·radical attack, as shown later in Scheme 2.
A different pathway (mechanism 2) is invoked to justify the observed formation of meta derivatives. In this second type of mechanism, the formation of the meta halogenated derivatives could take place through an ·OH radical mediated attack: an initial ·OH radical addition occurs (on para or ortho position) that allows the entrance of a Cl 2 -· radical in meta position, followed by a release of water. This mechanism is also operating when some positions on the aromatic ring are occupied by chlorine. The general rule is that there is addition of chlorine to the adjacent carbon (αcarbon) to the position where OH radical attack is allowed if there is a C-H bond. (1)
(2)
OH Cl
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or Scheme 1. Proposed mechanisms for the formation of monochlorophenols A further step of mechanism (2) will lead to the formation of 3,5-DP, as described in Scheme 2.
A sequence of mechanism 1 and 2 leads to 3,4-, 2,3-and 2,5-DP formation. This mechanism could explain the formation of diverse intermediates but is silent on why in the presence of akaganeite or goethite preferential ·H abstraction or ·OH addition could occur. Bromophenols are also observed.
In this case only mechanism 1 occurs and only regioselective derivatives (2-and 4-BrP) are formed. This is probably due to the easier formation of ·Br/Br 2 ·couple (Calza et al. 2005 ) that favours bromide addition over OH addition to the aromatic ring. 
3,4-DP
(1)
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(2) OH Cl Cl 2,3-DP
2,5-DP
(1) OH Cl Cl Scheme 2. Proposed mechanism for the formation of chloro and dichloro-derivatives; in parenthesis the type of mechanism involved.
Fe(II)/Fe(III)
Addition of Fe(II)/Fe(III) produces similar intermediates and temporal profiles for all the stirred and filtered solutions, underlining that size of formed particulate neither influenced the phenol disappearance rate or its transformation mechanism. However, experiments carried out on filtered solution showed that removal of the macroscopic solid phase (>0.5 μm) slightly lowers the intermediates concentration, above all for halogenated compounds. It suggests that both for (amorphous) colloidal phase (Fe(II)/Fe(III) addition) and larger and crystalline phases the basic chemistry does not change. This implies that key species are surficial hydroxylated species. A semiconductor-like effect of crystalline phase can increase the efficiency.
If the degradation pathway effectively proceeds through the ·OH radicals production, according to reaction 11 (where Fe(OH) 2+ can be assumed as surficial iron species into the oxide matrix) hydroxyl derivatives are expected (Faust 1999) . Experimentally, hydroquinone, resorcinol, 4,4'-bisphenol, 2,2'-bisphenol and 1,4-benzoquinone were identified, as shown in Figures S15-16 for temporal evolution and Figure 4 for maxima concentrations, suggesting that an oxidation mechanism is operating.
However, the mechanism depends on the amount of Fe(II) and Fe(III) actually present. When Fe(II) is initially added (see Figure 4 and S15), hydroquinone is the main intermediate, catechol is absent and several differences arise for other hydroxyl derivatives. In ASW only hydroquinone and 1,4-benzoquinone were identified, while in NaCl solution, resorcinol and para condensed derivatives were observed. When Fe(III) is the starting species (see Figure 4 and S16), hydroquinone is still one of the main intermediates, while catechol and resorcinol are always absent; in NaCl solution 1,4benzoquinone is also formed, in a close analogy with the cases with iron oxides.
Halophenols formation
Several chloro and dichloro derivatives are also formed. Chlorination of organic matter could be justified by assuming the chloro radical formation through ·OH-mediated oxidation (see reactions 14-17). An alternative route for chloro radical formation involves FeCl 2+ species photodissociation but only occurs at pH<5 (Millero et al. 1998) .A competitive reaction of Cl 2 ·radical (reaction 18) with Fe(II) should also occur, subtracting Cl radicals (Buxton et al. 1998 ).
Interestingly, when considering the case of the solution spiked with Fe(II), 3-CP is formed at similar amount in both NaCl and ASW media. Thus, its formation is not influenced by the presence of diverse salts. The prevalent formation of meta chloroderivatives was already observed from bisphenol in NaCl solution (Liu et al. 2009 ). 2-CP and 2,3-DP (NaCl) or 2,3-DP and 4-BrP (ASW) formation also occurs.
In the experiments performed with added Fe(III), 3-and 4-CP and 3,4-DP are predominantly formed in both NaCl and ASW solution. In addition, 2-CP formation only occurs in NaCl solution.
Since measurement of iron(II) in solution had shown that it is rapidly oxidized to Fe(III), the existence of two diverse halophenols distribution is consistent with the proposed mechanisms 1 and 2 when reaction (11) is the source for •OH radicals and, subsequently, •Cl is formed through reaction 14 and 15. Addition of Fe(II), which is partially oxidized to Fe(III), leads to the species Fe(OH) 2 + and, after photoabsorption, to •OH radicals. These are scavenged by Fe(II) and Cl -. Under these conditions, mechanism 2 is operating forming 3-CP. Direct addition of Fe(III) increases the •OH/•Cl ratio, leading to mechanism 1 and forming 4-CP These reactions are of course at the colloid interface. Fe(III) formed from Fe(II) oxidation precipitates as goethite (Joseph et al. 2001 ), a phase probably different from that generated by Fe(III) hydrolysis. This suggestion is in agreement with what was before described for iron oxides, where different oxides promote the formation of diverse chloroderivatives (see section 3.2.1).
These results imply that the preferential formation of different halo derivatives isomers can be a way to discriminate the iron(II)/(III) sources. It is of environmental relevance that, according to the genesis of precipitates, different isomers are observed. For example, under anoxic condition (i.e. sediments) iron(II) could be released; when this is oxidized to Fe(III), the case is similar to addition of Fe(II) above. It precipitates in a form that differs from that formed when Fe(III) precipitates in estuarine waters or is supplied by atmospheric dust (de Jong, 2007) . It is then expected that different haloderivatives are formed depending on the iron genesis.
Natural seawater
NSW was spiked with phenol and irradiated as described above. Upon light exposure, the phenol photo-transformation occurs (t 1/2 =8 days, k= 1.4x10 -8 min -1 ) and leads to the formation of numerous intermediates (Calza et al, 2008) , whose maxima concentrations are shown in Figure 5 .
Phenol disappearance rate increases when NSW is added with iron species (rate constant ranging from 2.4x10 -8 min -1 (Fe(II)) to 3.2x10 -8 min -1 (akaganeite)). In all cases the disappearance rates calculated in NSW are higher than those in ASW experiments (see Table 3 and Figure S7 for disappearance profiles). This could be attributed to the existence of other photosensitizers, above all humic and fulvic acids that, following UV-vis absorption, lead to a higher ·OH radicals production.
Reduction of Fe(III) to Fe(II) is favoured by the presence of humic acids, thanks to the formation of photochemically-active Fe(III)-organic complexes (Spokes et al. 1995) .
In NSW, the formation of hydroxyderivatives (1,4-benzoquinone, resorcinol), three chlorophenol isomers, 2,3-DP, 2-and 4-BrP, 2-and 4-nitrophenol, and several condensed products (2 and 4-phenoxyphenol, 2,2'-, 4,4'and 2,4-bisphenol) was observed.
NSW has then be spiked with iron oxides (200 mgL -1 ), Fe(II) 
Conclusions
Irradiation of natural seawater added with phenol and iron species has provided the enhanced formation of several halophenols, suggesting a central role played by iron species on the phenol halogenation in marine water.
All the discussed results are consistent with the occurrence of two types of mechanisms explaining the formation of ortho/para or meta chloroderivatives. Different oxides provide different chlorinated intermediate products, due to the different specific reaction rate constants of various processes (i.e. photolysis, Fenton and complexation) for the diverse iron oxides. These results suggest that the formation of different chloro derivatives isomers should depend on the environmental iron genesis. This work supports also the need for specific studies focused on kinetic processes involved at the surface of iron oxide. 
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